This study used two biosorbents obtained from the aquatic plants Salvinia sp. and Pistia stratiotes to establish a sustainable and alternative treatment for industrial wastewater and other water bodies that contain Pb(II). The biosorbent named Salvinia with NaOH (SOH) was obtained from Salvinia sp., and Salvinia and Pistia mixture with NaOH (SPOH) was obtained from a mixture of the two plants in a 1:1 ratio. The biosorbents were characterized by zeta potential, infrared (IR) spectroscopy, scanning electron microscopy (SEM), energy-dispersive spectroscopy and Boehm titration. The results of Boehm titration and IR analysis indicated the presence of basic functional groups, whereas those of SEM analysis indicated that the biosorbents have a structure conducive to adsorption. Batch adsorption experiments were performed to observe the effects of pH, contact time, initial lead concentration and temperature on the metal removal process. The results revealed that the biosorbents efficiently removed Pb(II) from aqueous solutions, with a maximum observed adsorption capacity (saturation limits, q max ) of 202 mg g À1 and 210.1 mg g À1 for SPOH and SOH, respectively.
INTRODUCTION
In recent decades, although the use of lead has diminished with the implementation of environmental laws, which prohibit its use as an anti-knock additive in gasoline, its use in batteries has increased significantly, especially in the automotive industry. Other applications are metal welding, cable liners, ammunition, pigments and some components of construction (Matheickal & Yu ) .
From environmental and economic viewpoints, a positive fact regarding lead is that since the 1990s, metal recycling has overtaken mined metal extraction, resulting in a more sustainable use of this metal. However, this does not negate the environmental impact caused by the improper disposal of aqueous reagents extracted from recycling processes (Bueno et al. ) . Alternative techniques, such as used biosorbent, have been developed to treat the wastewater from industrial effluents to contend with heavy metals. These methodologies are becoming more efficient and economically viable compared with the techniques of metal removal from aqueous solutions currently used by the industry such as precipitation chemistry, ion exchange, reverse osmosis, oxidation, reduction and adsorption (Nedelkoska & Doran ) .
To meet the needs of the market and environment, studies using aquatic biomass as an adsorbent material have been performed to optimize the processes of industrial effluent treatment (Chao & Chang ) . These aquatic plants contain certain functional groups such as amines, carboxylic acid and sulfonic acid, which contain active sites capable of metal adsorption (Hackbarth et al. ) . Moreover, the use of various macrophyte species as adsorbent materials has been widely studied because they are easily applicable and economically viable (Volesky ) .
The macrophytes Salvinia sp. and Pistia stratiotes have a wide geographic distribution, high growth rate and the ability to colonize new environments, which, from the viewpoint of biomass large-scale production, makes them economically interesting (Henry-Silva & Camargo ). This study evaluates the feasibility of using the biomass of these aquatic macrophytes modified chemically as an adsorbent material for lead removal from aqueous solutions. After chemical modification, physicochemical characterization tests such as pH and zeta potential, scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), functional group determination using Boehm titration and infrared (IR) spectrometry were performed. In addition, adsorption tests were performed with the biosorbents and lead.
MATERIAL AND METHODS

Biosorbent preparation
The aquatic macrophytes Salvinia sp. and Pistia stratiotes were collected from the Iriri Lagoon, Rio das Ostras, Rio de Janeiro, Brazil. After washing with tap and distilled water, the macrophytes were dried in the sun and then in an oven at 343 K for 2 h. Thereafter, the macrophytes were crushed and homogenized. The biosorbent derived from Salvinia sp., denoted as SS, was used in subsequent adsorption tests for comparison, as a control group.
The dried and crushed macrophytes were then treated with a 0.1 molL À1 NaOH solution (1 g to 45 mL of solution) and stirred for 2 h. The biomasses were then washed with distilled water until the rinsing water obtained a neutral pH, then washed with ethanol and acetone, to extract soluble organic substances (Ashkenazy et al.  and Assis ) , and finally dried in an oven at 343 K for 4 h. Two biosorbents were obtained for subsequent testing: the first was obtained from the chemically modified Salvinia sp., which received the designation Salvinia with NaOH (SOH), and the second was obtained from the chemically modified 1:1 mixture of Salvinia sp. and Pistia stratiotes, which received the designation Salvinia and Pistia mixture with NaOH (SPOH).
Biosorbent characterization
The pH of both biosorbents was determined by mixing 0.1 g of each in 10 mL of recently distilled water to avoid CO 2 incorporation, with an initial pH of 5.99, heating the mixture to boiling for 5 min. After cooling it was added to 10 mL of distilled water and then the pH was measured.
The tests were performed in triplicate (Cambuim ) .
For the characterization and quantification of some functional groups, the technique developed by Boehm () was used. A series of titrations was performed to verify the functional groups (basic, lactones, acids and phenols) present in the biosorbents (Boehm ; Cambuim ; Zago ).
The IR absorption spectra were obtained using an infrared spectrophotometer (IRAffinity-1, Shimadzu) in the 400-4,000 cm À1 region. Samples were ground until homogeneous particles were obtained with the smallest possible diameter and then left for 36 h in an oven at 363 K and cooled in a vacuum desiccator, and were prepared in the pellet form with a sample to KBr ratio of 1:100. The determination of the point of zero charge (PZC) was made according to the method of Robles & Regalbuto () , which consists of 50 mg of each biosorbent in 50 mL of distilled water that is adjusted with NaOH (0.1 molL À1 )
and HCl (0.1 molL À1 ) solutions to achieve 11 different pH conditions (2, 3, 4, 5, 6, 7, 8, 9, 10 and 11) , and left for 24 h. After this time, the final pH of the solutions was measured. The PZC was determined from final pH, when this solution behaved like a buffer solution (Robles & Regalbuto ) . The morphology of the biosorbents was investigated using a JSM6460LV scanning electron microscope at a voltage of 20 kV. The samples were placed on the surface of an aluminium support with double-sided carbon tape and covered with a thin layer of gold in a sputter Emitech, JSM6460LV model.
Solutions of Pb(II)
Several solutions for testing were prepared from the nitrate salt Pb (NO 3 ) 2 from the dynamic Contemporary Chemistry LTDA. Ninety nine percent purity was achieved. Lead in the residual samples was determined using atomic absorption spectrometry with a 3300 model Perkin Elmer, where the wavelength of the hollow cathode lamp with lead was 283.3 nm and the width of the slot was 0.7 nm.
Tests of adsorption
The adsorption capacities of the biosorbents were tested by varying factors such as initial metal concentration (isotherms), time, pH and temperature. To obtain the isotherms, 100 mg of each biosorbent were agitated for an hour with different concentrations of 100 mL Pb(II). The balance was determined by agitating 300 mg of each biosorbent with 300 mL of 200 mgL À1 of Pb(II); aliquots were removed from time to time. For the variation in pH and temperature, 100 mg of each biosorbent was agitated for 2 h with 200 mgL À1 Pb(II) solutions at pH 4, 6 and 10, adjusted with 0.1 molL À1 HCl and Ba(OH) 2 (lead is insoluble in NaOH) to temperatures of 283, 308 and 323 K. All test samples were filtered and stored in plastic bottles in a refrigerator. All samples were made in triplicate and analytical blanks duplicated. Studies of the isotherms were made using the Freundlich, Langmuir and Dubinin-Radushkevich models.
The Langmuir model is applied in Equation (1) and linearly plotted on the graph of C e /q e (gL À1 ) × C e (mgL À1 ):
Here, C e (mgL À1 ) is the concentration at equilibrium, q e (mg g À1 ) the quantity adsorbed at equilibrium per unit mass of adsorbent. The parameter q max (saturation limit mg g À1 ) is related to the maximum capacity of adsorption and K L is the Langmuir constant, L mg À1 . Another important parameter is the constant R L (balance parameter), which gives important indications regarding the compatibility of adsorption, given by Equation (2), where C 0 is the initial concentration in aqueous solution adsorbed in mgL À1 and K L is again the Langmuir constant.
For the following cases: when 0 < R L < 1, adsorption is favourable; when R L > 1, adsorption is unfavourable; R L ¼ 1 indicates linear adsorption and when R L ¼ 0, adsorption is irreversible (Bera et al. ; Stafussa ).
The Freundlich model considers the adsorption occurring in multilayers and the adsorbent with a heterogeneous surface. Using Equation (3) we can linearize and plot the graph of ln q e × ln C e .
Here, K F (Lg À1 ) is the constant related to adsorption capacity and intensity, and values in the range of 0< n < 1 mean that adsorption is favourable.
The Dubinin-Radushkevich model helps to determine whether the adsorption is physical or chemical. The constants are obtained from the chart plot of ln qe (mol/g) × ε² × 10 8 (J²/ mol²) and Equation (4) 
).
To determine whether the adsorption is physical or chemical adsorption, we used Equation (5):
Here, E is the free energy of adsorption (kJ mol À1 ).
When E > 8 kJ mol À1 adsorption is physical and when 8 < 
RESULTS AND DISCUSSION
Physical-chemical characterization
PZC, pH and surface functional groups
As shown in Table 1 , the biosorbents were basic in character, the pH values were larger than PZC and they were negatively charged. These results indicate a significant change in the load distribution on the surface of the modified biosorbents compared with SS, which resulted in a better interaction with the positive charges of metals such as lead. The PZC of modified biosorbents (SOH and SPOH) were greater than the biosorbent without modification (SS), as shown in Figure 1 . The increase of basic groups can be one of the factors. PZC is the point where the surface charge is neutral (Bansal & Goyal ) , therefore it is important that the values of pH and PZC are different, because the larger the difference, the higher the effective charge on the surface of the material. SOH showed the greatest difference between the three biomasses (1.46), thus obtaining a greater superficial negative charge. SPOH also obtained a good difference (0.73), with a relevant superficial negative charge. SS presented a negative surface charge with a difference of 0.50. Table 2 shows the results of the Boehm titration for the quantification of functional groups present in the biosorbents. As can be seen, there was an increase in the concentration of basic groups in the chemically modified biosorbents (SOH and SPOH) relative to the biosorbent without modification (SS). The increase in the amount of basic groups is an important factor if we consider that lead may be held back by ion exchange on the surface of the biosorbents. On the other hand, there was a decrease in the lactones and phenolic groups, which are relatively weak functional groups that dissociate at higher pH values than do carboxylic and basic groups. The carboxylic group was not detected, and according to Zago () , this happened because few superficial groups possess biosorbent acids or the method employed was not able to detect them. These results, as well as those previously published, highlight the advantages of chemically modifying the surface of biosorbents.
Analysis IR
In addition to SEM, the samples were analysed by the Pistia in natura (PIN) method to observe the similarities and modifications of the SPOH.
The peaks featured in the 720-985 cm Figure 3 shows the SEM and EDS analysis. The figures obtained by parsing SEM for the four different structures indicate that, after chemical treatment, the SOH presented a more compact surface compared with SS, pointing to an approximation of the active sites of the biomass in question, which would be responsible for the adsorption improvement. The approach of the active sites increases the interaction between the charges to facilitate adsorption to the metal. SPOH also changed when compared with SS and PIN, showing a more close structure, a more interlaced structure, as well as SOH, which presented a rougher structure allowing more interaction and adsorption. The qualitative EDS analysis indicates the same constitution elements for all the biomasses, highlighted by the presence of incorporated metals, suggesting a good interaction among them. SEM analyses of the biomasses after the adsorption process with the lead were also performed. The results showed that there was an increase in the roughness of the biomasses, indicating greater interaction with the active sites (da Silva et al. ).
The results indicate that there was a change in the surface of SPOH and SOH biosorbents when compared with the SS biosorbent (without chemical modification). PZC and pH tests had higher values for the chemically modified biomasses. The Boehm method showed an increase in basic groups and, even not having shown the presence of carboxylic groups, it was confirmed on IR. Finally, the technique by SEM showed that four different structures were chemically modified with interlocking structures with a greater predominance of folds, indicating modification of the structures as well as greater interaction between the surface groups. These results suggest that there was a chemical modification of both biomass SOH and SPOH in favour of adsorption of Pb(II).
Adsorption isotherms
With an increase in Pb(II) concentration, all the biomasses showed similar behaviour, as can be observed in Figure 4 , but the modified biomass exhibited a greater adsorption capacity, reaching a q max of 202 mg g À1 for SPOH and 210.1 mg g
À1
for SOH, highlighting the better performance of SOH. According to the physical-chemical characterization, tests point to improvement in adsorptive capacity of biomass increased basic groupings recorded in the Boehm method, opposite charges to the metal increases the attraction between biomass and Pb(II) when compared to SS, which suffered no modification. The IR shows the presence of hydroxyl, carbonyl and carboxyl groups. These groups are important because, with the change in pH, they may have negative charges, contributing to greater interaction with the Pb. This behaviour is not represented by the Langmuir and Freundlich models since, after linear regression, the angular coefficients obtained were not satisfactory, as noted in Table 3 . Comparison of the results obtained on the maximum capacity of the biosorbents in this study with that of other biomasses follows in Table 4 . The values found in this work are among the best, as those in previous studies varied between 34.1 and 279.2 mg g À1 .
These biosorbent studies did not satisfactorily adjust to the Freundlich, Langmuir and Dubinin-Radushkevich models, but the values found did assist in obtaining more information regarding the biomasses. The R L obtained for the Langmuir isotherm of the three biomasses indicated favourable isotherms (1 < R L > 0). The Freundlich model n values obtained were not within the range of favourable adsorption (0 < n < 10) and the value of 1/n, which must range from 0 to 1, indicated that the surface was not heterogeneous. The Dubinin-Radushkevich model found that when E < 8, adsorption was physical.
Time
Kinetic tests indicate different behaviours for the three biomasses as can be seen in Figure 5 . SS achieved its maximum adsorption capacity in about 2 h, after this desorption occurred. SOH adsorptive capacity increased for up to 4 h after this desorption also occurred. Potgieter et al. () found similar results for concentrations of 100 mg g À1 , where, before reaching a balance, palygorskite clay suffered small desorption. SPOH did exhibit desorption for up to 8 h. A similar result was found by Aldrich & Feng () . Economically speaking, although SOH gives a better adsorptive capacity on the adsorption isotherm, SPOH overtakes it if in contact for longer. This is interesting, as the treatment of effluent can be maximized by leaving it in contact overnight, when the production line is inactive, for example, or by using it only for short periods, taking advantage of its quick response time of about 1 h. Linear regressions were made for the kinetic models, as described in Table 5 , a greater slope was obtained for the pseudo-second-order model, indicating multilayer adsorption.
pH variation
With a variation in pH the treated biomass increased its adsorptive capabilities (Figure 6 ). This was because both biomasses presented a basic pH, allowing increased interaction with the opposite charge of the metals in solution. SS presented a different adsorption decrease with increasing pH. A possible scenario would be related to pH and PZC where a small variation between these two parameters indicates low surface charge and acidity, therefore, by increasing the pH, the surface charge tends to interact with the negative charges of the solution, preventing interaction with the metal and thus slowing down the process of adsorption.
Temperature variation
The SS adsorption capacity increased with increasing temperature, while the treated biomasses showed an increase up to 298 K and stabilization between 298 and 323 K, as can be seen in Figure 7 . This result shows that treated biomasses can be used over a broad temperature range. A thermodynamic analysis was also made of the biomass using Van 't Hoff's chart (lnK ad versus 1/T) to obtain the values of enthalpy, entropy and Gibbs free energy. The results indicate endothermic and physical adsorption, with the ΔH value being positive and low for the three biomasses. The ΔS were also positive for all the biomasses, but relatively high, indicating disarray in the system after adsorption (Gök et al. ) . For ΔG all the biosorbents presented negative values, indicating spontaneous adsorption. A previous sorption and desorption study using a cyanobacteria biomass (Nostoc muscorum) to treat Cr(VI) obtained values close to this study, with a temperature variation in the range of 298 to 318 K and concentrations of Cr(VI) between 10 and 100 mgL À1 (Gupta & Rastogi ) .
CONCLUSIONS
The experimental results of physicochemical characterization indicate that there was a modification on the surface of SOH and in the mixture of Salvinia sp. and Pistia stratiotes after chemical treatment with PZC 5.99, 6.87 and 8.12. Adsorption tests indicate that this modification enhanced the biomass adsorptive ability with a q max of 202 mg/g and 210.1 mg/g for SPOH and SOH, respectively. From kinetic, pH and temperature tests, SPOH is presented as the most commercially applicable of the biomasses studied.
